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In this paper, a combination of the conventional energy capacitor system 
and a proposed two-trap Resistor Capacitor (RC) shunt damper circuitry 
is used to stabilize a grid network made up of fixed speed wind turbines, 
steam turbines and hydro turbines. The energy storage system is 
connected to the terminals of the wind farm and has the capability of 
stabilizing the grid network during periods of wind speed change. The 
two-trap damper has the ability to mitigate the mechanical vibration of 
the wind turbine and increase its output and rotor speed acceleration 
during disturbances, so the turbine speed is reduced.  Simulations were 
run using Power System Computer Aided Design and Electromagnetic 
Transient Including DC (PSCAD/EMTDC) environment, for scenarios 
where grid frequency control was not implemented and when frequency 
control was employed using the energy storage device. A further 
investigation was carried out in enhancing the performance of the grid 
network considering the proposed two-trap shunt DC damper control 
topology. The results show the improved performance of the variables of 
the wind turbine and the entire grid network during dynamics, due to the 
coordinated control strategies of the two-trap RC circuit and the energy 
capacitor system employed.  
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Introduction  
   
Recently, the renewable energy technology has received more attention, because 
it not only has the potential to improve energy security, but also reduces the 
environmental impact of greenhouse gases. Hence, this type of energy is eco-friendly. 
The constant penetration of wind farms that are equipped with wind turbines into existing 
grid connected network, would definitely affect the frequency and stability of the entire 
power system. Power electronics technology is the main technology that enables the 
connection of renewable energy sources like wind and solar into the grid system [1-3]. 
They are used to interface the generated energy into the grid. However, these voltage 
source converters produce unwanted harmonics. As a result, filters are used to smoothen 
the output of the network.  
With tremendous rise in renewable energy penetration into the grid system, there 
is bound to be disturbances in the power network. Consequently, the grid network and its 
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control associates are becoming complex by day. The integration of wind power into 
existing power network causes frequency distortions due to the stochastic nature of the 
wind. A lot of papers have been presented in the literature regarding frequency control of 
the grid connected network. Traditionally, the automatic load frequency control can be 
used to maintain the grid system frequency by variation of the governor set points of the 
turbines connected to the network [4, 5].  In the literature [6-8], the genetic algorithm 
strategy was proposed to control the load frequency in a mixed generation system, in 
order to maintain zero steady state error during grid disturbances. The major shortcoming 
of this approach is the presence of oscillations in the frequency deviations and a longer 
time to reach steady state for the power system variables. Another good approach to 
stabilize the frequency of a grid connected system is the utilization of adaptive notch 
filters [9-11]. The challenge in using this approach is that the measured signal frequency 
should remain constant and this is not the case with the use of wind energy system.  
Usually, an Inductive Capacitive Inductive (LCL) filter is used to mitigate the 
switching harmonics emanating from a Voltage Source Converter (VSC) that is 
connected to the grid network. This is because they offer lower cost and are simple in 
nature [12]. For this reason, the LCL filter is employed in the integration of renewable 
sources in grid networks. With recent advancement in power electronics technology, the 
trap filters have been proposed as a good solution to suppress switching harmonics more 
than the traditional LCL filters [13]. The trap filter topology are smaller in size with low 
cost compared to earlier filter strategies.  
In order to avoid the risk of instability in the grid connected VSC as a result of 
resonance in the capacitive and inductive components in the grid, it is necessary to 
consider damping. However, due to constant changes in the grid network variables, 
effective damping may not be realized using active damping control strategies alone [14]. 
Another solution to this problem may be to employ passive damping because it will 
improve the stability of the system [15], however, there must be large losses to be 
incurred [16].  
Energy storage system can effectively mitigate oscillations in the power system, 
and hence could be used for frequency regulation. In the literature [17], additional power 
to achieve control of a grid connected network was provided by both internal and external 
energy storage devices. In [18], the energy capacitor system was used to stabilize grid 
voltage system, however, the shunt trap frequency control responses were not considered. 
Thus, the controllers of the energy capacitor system were not tested for robustness during 
grid dynamics. Reference [19] considered the use of a small value of series dynamic 
braking resistor in the stator of the wind turbine to improve the frequency of the power 
system.  
The tripping of wind power generators i.e., grid connected wind turbines is most 
likely to avoid grid dynamics or transient disturbances [20]. This is not allowed in most 
countries, based on the recent grid codes. In this paper, the conventional Energy 
Capacitor System (ECS) technology is used to stabilize grid connected wind power and 
synchronous turbine systems. The ECS is used to achieve smoothing of the terminals of 
the distorted wind turbine variables in order to maintain steady supply of power despite 
the stochastic nature of the wind. In order to enhance the performance of the conventional 
wind farm frequency control ECS topology, a two-trap Resistor Capacitor (RC) shunt 
damper is proposed to work in combination with the ECS control system. The proposed 
two-trap shunt RC damper is used to improve the performance of the wind turbine during 
grid disturbances. The new control strategy also has the ability to reduce the speed 
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excursion of the wind turbine and boost the turbine speed during grid dynamics. Besides, 
the proposed system effectively enhances the reactive power production of the VSC 
connected ECS external device, thus, improving its performance when there is grid 
disturbance. These effects would reduce the grid connected VSC losses and improve the 
overall performance of the system. In addition, the grid codes minimum frequency values 
stipulated in the operation of wind farms and power systems would be achieved, thus, 
avoiding the tripping of the wind turbines during grid disturbances. In this work, 
simulations were run for different scenarios in Power System Computer Aided Design 
and Electromagnetic Transient Including DC (PSCAD/EMTDC) platform [21]. In the 
first scenario, no frequency control was employed in the power system. The second 
scenario considered frequency control of the grid network, using the ECS topology, while 
the third scenario employs the proposed two-trap shunt RC damper to further enhance the 
performance of the ECS system. The presented results show the robustness of the 
proposed control strategy in enhancing the performance of the frequency and some other 
variables of the grid connected wind farm in the power network. 
 
 
Model System of Study 
 
The model system of study is shown in Figure 1, where the wind farm is made up 
of two aggregated wind turbines of total power rating 100 MVA connected to aggregated 
steam and hydro turbines of 50 MVA each. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Model system of study 
  
The ECS is connected at the terminals of the wind turbines via the proposed two-
trap RC shunt circuitry in the wind farm as shown in Figure 1. Loads X and Y are 
connected between the bus bar connecting the wind farm and the steam and hydro 
synchronous generators. The power network is operating at 100 MVA, 66 kV and 50 Hz 
with the given line parameters. The two-trap shunt RC damper circuitry is connected 
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between the terminals of the wind turbine and the VSC grid side of the ECS. The 
parameters of the wind turbine, steam and hydro turbines are given in Table 1. The 
excitation circuit parameters of the ECS and the proposed two-trap shunt RC damper are 
given in Tables 2 and 3, respectively. 
 
                    Table 1.  Parameters of the model system turbines  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                  Table 2.  Parameters of the ECS excitation circuit  
 
 
 
 
 
 
 
 
                Table 3.  Parameters of the two-trap shunt RC damper  
 
 
 
 
 
 
 
 
 
Control Strategy of the FACTS Energy Storage Device 
 
Figure 2 shows the control structure of the grid connected VSC ECS, where a dq 
to abc transformation is done with an angle thetha that is calculated from the Phase Lock 
Loop (PLL) of the system. The effective grid voltage is compared with a reference value 
Generator 
Type 
Steam 
turbine 
Hydro 
turbine 
Generator 
Type 
Wind 
turbine 
MVA 200 200 MVA 100 
ra (pu) 0.003 0.003 r1 (pu) 0.01 
xa (pu) 0.102 0.130 x1 (pu) 0.1 
Xd (pu) 1.651 1.200 Xmu (pu) 3.5 
Xq (pu) 1.590 0.700 r21 (pu) 0.035 
X/d (pu) 0.232 0.300 x21 (pu) 0.030 
X/q (pu) 0.380  r22 (pu) 0.014 
X//d (pu) 0.171 0.220 x22 (pu) 0.098 
X//q (pu) 0.171 0.250   
T/do (sec) 5.900 5.000   
T/qo (sec) 0.535    
T//do(sec) 0.033 0.040   
T//qo(sec) 0.078 0.050   
H (sec) 3.000 2.500   
 
Parameters Ratings 
DC-link Voltage 6.6 kV 
DC-link Capacitor 50,000μF 
Device for Power Converter IGBT 
PWM Carrier Frequency 1.05kHz 
low pass filter time constant  30 sec 
 
Parameters Ratings 
Line Inductor 0.1mH 
Filter Capacitor 2.15/0.21μF 
Damp Resistor 5.4Ω 
DC-link Voltage 6.6 kV 
Damp Capacitor 2.35μF 
Trap Inductors 0.113/0.3mH 
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of 1.0 pu that is then passed through a Proportional Integral (PI) controller system. The 
signal is further compared with a signal generator to generate six pulse reference signals, 
which are used for switching the Insulated Gate Bipolar Transistors (IGBTs) to achieve 
control of the wind farm system and the entire power network during grid disturbances.          
Also, the control structure and design for the inbuilt Low Pass Filter (LPF) of the ECS 
are shown in Figure 2. The reference signals are the grid active power and the wind 
turbine active power, respectively. The difference of the powers is fed through a PI 
system whose output is added to a constant gain value to generate signal that is compared 
with a triangular carrier signal generator. The output is thus used in the switching of the 
DC chopper circuit unit of the ECS system for charging and discharging limitations. The 
proposed connected two-trap shunt RC damper increases the mechanical power extracted 
from the drive train of the aggregated wind generator and reduces its speed excursion 
during dynamic periods. Also, since mechanical torque is proportional to the square of 
the stator voltage of the wind turbine, the effect would enhance the fast recovery of the 
turbine during grid disturbances. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. ECS and its associate controls 
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Space Vector Control of the ECS and the Trap Shunt RC Damper  
 
The control system of the three phase voltage source converter for the ECS shown 
in Figure 2 is based on space vector transformation. As seen from the figure, the detected 
three phase currents are   and  , which are vectors that are equally spaced in  
clockwise sequence with respect to the grid, which is in stationary  reference frame as 
given in equation (1) [22]. 
 
 
 
 
 
 
 
 
 
The transformation of these vectors into two phase stationary reference frames αβ is 
shown in Figure 3 and their products are represented with  and  in the clockwise 
direction in Figure 4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. VSC abc stationary frame 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. VSC αβ stationary frame  
 
 
 
 
(1) 
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A further decoupling of the  phase vectors based on the  and β axis results in 
equation (2) with three unknown variables. 
 
 
 
 
 
 
From equation (2),  represents the  frame magnitude, while  represents the 
components of the  frame. Putting equation (2) into matrix forms, gives  
 
 
 
 
 
 
 
 
 
 
Considering the orthogonal condition, , the transformation matrix 
 and   ratio are computed as shown in equation (4), where  is the 
transpose of  and  is a 3x3 identity matrix.  
 
 
 
 
 
 
 
Equation (4) is known as the Clarke transformation and the vectors in both frames are the 
same, since equation (2) normalizes the transformation. This situation would lead to 
equation (5)  
 
 
 
 
 
It should be noted that zero sequence component is not utilized for the remaining 
transformation analysis, because it is ignored for simplicity. And the matrix would reduce 
to equation (6).  
 
 
 
 
(2) 
 
(3) 
(4) 
(5) 
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If the frequency of rotation of the grid is , then based on Fig. 5, the variables of the 
stationary αβ frame can be expressed as equation (7). Also, the variables of the stationary 
reference frame in equation (6) can be transformed into synchronous frame based on 
equation (8) with displacement clockwise direction angle  between the ranges of to . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. VSC Pulse width modulation vector  
 
 
 
 
 
 
 
 
       Applying equations (6) to (7) to transform the αβ vectors along the two orthogonal 
axes leads to equation (9), with two unknowns in both equations.  
 
 
 
 
 
 
The transformation matrix  helps in representing eqn (9) as eqn (10) 
 
(6) 
 
 
(7) 
(8) 
 
(9) 
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The matrix  satisfies the condition of orthogonality given 
by , where is the transpose of  and  is the identity 
matrix. The transformation expression of equation (10) with an additional sequence 
component of 0 is known as the Park transformation. The αβ frame to  frame 
normalized transformation creates room for the current vector to be the same in both 
frames of reference, therefore,   
 
 
 
From the proposed two-trap shunt RC damper shown in the model system in 
Figure 1, the mathematical model based on the  reference frame could be expressed as 
[22, 23]: 
 
 
 
 
 
 
 
 
 
It is considerably meaningful for the transformation of the mathematical model into the 
same frame as the current controllers are in  frame operation. From equation (12),  
          is the grid current vector,  
          is the converter current vector, 
                                          are the grid voltage vector, the converter output voltage vector 
and the filter capacitor current vector, respectively.   
 
 
 
 
 
(10) 
 
(11) 
 
(12) 
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Operating Principle of the Proposed Scheme 
 
From the model system in Figure 1, the proposed two-trap shunt RC damper is 
used to reduce multiple harmonic frequencies that are basically above the tuning 
frequency of the filter by using the capacitors and the tuned inductors. The circuit when 
tuned, resonates at a fundamental frequency, so that the fundamental current flowing into 
the resistor could be bypassed. Hence, the proposed two-trap filter has the characteristics 
of low damping losses and better harmonic attenuation, when operating in combination 
with a grid connected voltage source converter. 
The selection of the parameters of the filter is based on [24], which ensures that 
the harmonics in the connected grid current are lower than the specified values. The 
performance of the filter is based on the admittance transfer function represented by the 
grid current to the converter voltage expressed in equation (13) [24, 25]. 
 
 
 
 
 
Equation (13) describes how the modulation control strategy of the harmonic 
voltage is propagated into the grid current. In equation (13),  is the tuned frequency 
and  is the characteristic frequency, and they are expressed in equations (14) and (15), 
respectively as [26]:  
 
 
 
 
 
 
 
 
 
 
 
The damping effect in the circuit is determined by the quality factor and it 
depends on the filter components. This is expressed as  
 
 
 
 
 
 
 
 
 
 
(13) 
 
(14) 
(15) 
 
 
(16) 
(17) 
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Theoretically, a trap filter produces infinite attenuation at the switching 
frequency, and at frequencies above the switching frequency, the filter attenuation rapidly 
decreases. Based on the above features and analysis, the two-trap shunt RC damper will 
give a good damping performance of the variables of a grid connected VSC system 
during network disturbance. 
 
 
Evaluation of the Model System Performance 
 
Simulations were run for 600 seconds for dynamic analysis considering the model 
system in Figure 1 using natural wind speed obtained from Hokkaido Island, Japan as 
shown in Figure 6. Three scenarios were considered. In the first scenario, no grid 
frequency control was implemented in the model system. The second scenario uses the 
conventional energy capacitor system for stability of the grid frequency. In the third 
scenario, the proposed two-trap shunt RC damper was used to further enhance the 
performance of the energy capacitor system and the entire power network. Some of the 
simulation results in PSCAD/EMTDC are discussed as follows for the model system 
variables. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Figure 6. Wind speed data for system analysis 
 
Figure 7 shows the response of the grid frequency considering three scenarios. 
When no control was implemented, the grid frequency was distorted due to the stochastic 
nature of the natural wind energy in Figure 6. Hence, the grid codes require the wind 
farm to be shut down in this case to avoid damage to the power network and utilities 
connected to it. With the help of the energy capacitor system control strategy, active 
power control was achieved, in addition to reactive power that was injected into the grid 
network based on the coordinated control of the ECS Pulse Width Modulation DC 
chopper presented in Figure 2. The grid frequency was controlled almost within the 
permissible limit set by the grid codes in order to avoid shutting down of the wind farm 
considering an LPF time constant of 120 seconds. In a bid to further improve the grid 
frequency performance of the network, the proposed control scheme with the two-trap 
shunt RC damper was used as shown in Figure 7. The two-trap RC shunt damper helped 
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boost the grid frequency during dynamics by damping the system and also filtering the 
attenuated harmonics based on the analysis presented earlier in this paper.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Frequency response of the grid network 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Reactive power of energy capacitor system 
 
 
Figure 8 shows that the proposed coordinated control topology is able to boost the 
reactive power production of the ECS grid connected VSC to help in further stabilizing 
the grid system with faster recovery of the grid variables. This is because the proposed 
control will increase the mechanical power extracted from the drive train of the wind 
turbine, thus reducing its speed excursion during grid disturbances as shown in Figure 9 
for the wind turbine speed. Moreover, based on the fact that mechanical torque is 
proportional to the square of the stator voltage of the wind generator, the effect would 
enhance the recovery of the wind turbine after the grid dynamics. 
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Figure 9. Wind turbine speed   
 
 
CONCLUSIONS 
 
 In this paper, a more efficient coordination of voltage source converter energy 
capacitor based system and two-trap shunt RC damper is proposed to enhance the 
performance of the frequency of a grid network during dynamic conditions. The working 
principle of the pulse width modulation voltage source converter and the operation 
principle of the proposed two-trap shunt RC damper were presented. The simulation 
results show that the proposed control strategy was able to enhance not only the grid 
frequency, but other variables of the network by boosting the performance of the energy 
capacitor system during grid disturbances. Also, with this topology, wind farms would 
remain connected to the grid network during grid disturbances because the permissible 
limit of operation of the grid frequency would be met based on the stipulated grid 
requirements.   
 
 
CONFLICTS OF INTEREST  
 
The author declares that there is no conflict of interests regarding the publication 
of this paper.   
 
 
REFERENCES  
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